Running Title: APC shapes optic axonal arbors in vivo.
INTRODUCTION
Establishment of ordered neuronal connectivity during embryonic development is critical for proper nervous system function. Accordingly, aberrant development of neural networks is thought to underlie many neurological and cognitive disorders. The retino-tectal projection of lower vertebrates, such as tadpoles of the frog Xenopus laevis, is an accessible neuronal circuit that is ideal for studying mechanisms underlying the development of axonal projections in vivo.
During formation of the retino-tectal projection, optic axons navigate from the eye to their target tissue in the brain, the optic tectum. When optic axons invade their target, they elaborate terminal arbors that make synaptic connections with neurons in specific regions of the tectum (Alsina et al., 2001; Harris et al., 1987; Sakaguchi and Murphey, 1985) . Distinct morphological features of optic axonal arbors, such as branch number, length, and angle, are important for their function, potentially influencing the number and pattern of synaptic connections they can make in the tectum (Alsina et al., 2001; O'Rourke and Fraser, 1990) . However, questions remain, about both the molecular mechanisms that sculpt developing optic axonal arbors in vivo, and the relationships between different branching features in growing optic axonal arbors. In previous work, we dissected the mechanisms of the Cadherin and Wnt signaling node, -catenin, in regulating optic axonal arborization in Xenopus laevis tadpoles in vivo (Wiley et al., 2008; Elul et al., 2003) . Here we address how APC, an intracellular signaling molecule in the Wnt pathway that modulates the function of -catenin, regulates several branching parameters of developing optic axonal arbors in vivo.
APC is a large, multi-functional cytoplasmic protein first identified because of its association with hereditary colon cancer, and more recently, implicated in brain cancer and several neurological disorders (Bendelsmith et al., 2018; Azofra et al., 2016; Li et al., 2016; Jaiswal et al., 2005) . The molecular mechanisms of APC functions are largely due to its critical role in the Wnt signaling pathway (Senda et al., 2005) . In the Wnt signaling pathway, APC functions to modulate levels of ß-catenin. APC normally binds to -catenin via its central domain. However, following activation of Wnt signaling, APC (along with other factors such as Axin) is uncoupled from -catenin, which leads to an increase in -catenin levels in the cytoplasm (Clevers and Nusse, 2012) . Canonical Wnt signaling further results in increased -catenin translocation into the nucleus, where it induces gene transcription together with TCF/LEF factors. In addition to its function in the Wnt signaling pathway, APC is also a microtubule regulator (Senda et al., 2005) . In particular, the N-terminal domain of APC is known to affect microtubule organization by binding to the microtubule regulator KAP-3 (Chen et al., 2011; Senda et al., 2005) . However, the APC N-terminal domain can also regulate oligomerization of APC, which may, in turn, modulate its activity in the Wnt signaling pathway (Chen et al., 2011; Senda et al., 2005) .
A few studies have determined initial functions for APC in development of axonal projections and axon branching in neuronal systems. One paper demonstrated that APC, via modulation of -catenin stability, regulates the overall projection of optic axons in the developing retino-tectal projection of Zebrafish (Paridaen et al., 2009 ). However, this study did not examine how APC modulation of -catenin stability affected terminal arborization of individual optic axons in the developing retino-tectal circuit of Zebrafish. A second group showed that knockdown of APC in mice led to excessive collateral branches in cortical neurons cultured in vitro (Yokota et al., 2009) . These researchers further demonstrated that expression of the N-terminal domain of APC that regulates indirect microtubule organization (and APC oligomerization) was responsible for modulating the numbers of branches of cortical neurons in culture (Chen et al., 2011) . But, it is not known whether the APC N-terminal domain also regulates the number of branches or additional features of axon arbors in other types of neurons in vivo. In other studies, APC has also been shown to control axonal outgrowth and growth cone morphology in several types of neurons through altering microtubule regulation and organization (Purro et al., 2008; Koester et al., 2007; Votin et al., 2005; Zhou et al., 2004) .
In this paper, we studied how distinct domains of APC that regulate cytoskeletal organization and -catenin stability shape individual optic axonal arbors in intact, living Xenopus tadpoles. We overexpressed the N-terminal and central domains of APC in individual optic neurons in developing eyebuds of Xenopus embryos. We then examined how overexpression of APC N-terminal and central domains modulated the number, length and angle of branches in optic axonal arbors in tecta of Xenopus laevis tadpoles. The relationship between the number and mean length of branches in optic axonal arbors expressing the APC domains was also investigated. This work defines shared and specific functions for the N-terminal and central domains of APC in regulating diverse branching features of optic axonal arbors in vivo, and advances our understanding of the mechanisms shaping neuronal circuits in the developing vertebrate brain.
RESULTS

Optic axons that express APCNTERM and APC-cat mutants project to tectum
APC is a multifunctional protein that regulates microtubule organization, as well as -catenin stability in the canonical Wnt pathway. To study how APC modulates neuronal development, we constructed two truncated mutants of APC consisting of distinct domains (Fig.   1A ). One mutant consisted of the N-terminal region of APC that mediates indirect microtubule regulation (and oligomerization of APC) (APCNTERM, Fig. 1A ; Vleminckx et al.,1997) . The second construct was comprised of the APC central domain that binds to, and destabilizes -catenin (APC-cat, Fig. 1A ; Vleminckx et al., 1997) . Each of these mutants was combined with GFP and lipofected into developing optic neurons in eyebuds of one-day-old Xenopus laevis embryos (developmental stage 22). For controls, eyebuds of one-day-old embryos were lipofected with only GFP. Four days later, we imaged optic axons that either expressed GFP (controls), or an APC domain together with GFP (experimentals), in tectal midbrains of intact, living tadpoles (developmental stages 46/47; Fig. 1B ).
We first examined whether optic neurons lipofected with the APC mutants were able to project axons to their primary target in the brain -the optic tectum. As shown in the representative images, optic axons overexpressing APCNTERM or APC-cat domains indeed arrived at, entered into, and arborized in, the dorsal tectum, as did control GFP expressing axons (Fig. 1B) . To quantify these observations, we calculated the percentage of embryos lipofected with GFP, or GFP together with an APC domain, that displayed at least one green fluorescent optic axonal arbor in the optic tectum. We determined that approximately 60% of embryos lipofected with the control plasmid displayed GFP expressing axonal arbors in the tectum (n = 24 embryos lipofected with GFP). Additional analysis showed that ~50% of embryos that were lipofected with GFP together with the APCNTERM domain showed fluorescent optic axons in the tectum (n = 19 embryos lipofected with APCNTERM mutant). Lastly, 70% of embryos lipofected with GFP and APC-cat plasmids contained GFP-expressing optic axonal arbors in the tectum (n = 21 embryos lipofected with APC-cat domain). Therefore, following lipofection of GFP, and GFP together with APCNTERM or APC-cat mutants, in eyebuds of developing embryos, significant percentages of tadpoles displayed optic axonal arbors expressing GFP in the optic tectum. These analyses show that overexpression of the N-terminal and central domains of APC does not inhibit the projection of optic axons from the eye to the tectal midbrain in living tadpoles.
APC mutants decrease numbers of branches in optic axonal arbors in vivo
After optic axons arrive at and proceed to invade the optic tectum, they elaborate terminal arbors that make synaptic connections with target neurons (Alsina et al., 2001; Harris et al., 1987; Sakaguchi and Murphey, 1985) . To determine how APC sculpts these terminal arbors, we examined images of GFP control, GFP-APCNTERM or GFP-APC-cat domain expressing optic axonal arbors in tectal midbrains of intact, living tadpoles, and quantified their number of branches (Figs. 1B, 1C ; Wiley et al., 2008; Elul et al., 2003) . ~16 branches (SE = 1.04, n = 12 GFP expressing control optic axonal arbors). These numbers of branches we calculated for control GFP arbors here are consistent with measurements we made on control optic axonal arbors in our earlier studies (Wiley et al., 2008; Elul et al., 2003) . In our previous studies, control GFP-expressing optic axonal arbors also contained, on average, ~16 branches in stage 46/47 tadpoles (Wiley et al., 2008; Elul et al., 2003) .
We next determined how expression of the APCNTERM domain that contains the indirect microtubule regulatory site of APC modified the branching of optic axonal arbors in vivo. Images captured of APCNTERM expressing axonal arbors in tecta of living tadpoles showed that they had fewer branches than control GFP optic axonal arbors in the optic tectum (Figs. 1B, 1C ). The number of branches in optic axonal arbors that expressed the APCNTERM mutant ranged between 2 and 13 (Figs. 1B, 1C, 2A, 2D ). The mean number of branches in APCNTERM expressing optic axonal arbors was 7 (SE = 0.8, n = 18 APCNTERM mutant expressing arbors), which was approximately half as many branches as were found in control, GFP-expressing arbors (p < 0.05, Fig. 2A ). Therefore, overexpression of the APCNTERM mutant significantly decreased the number of branches in optic axonal arbors in vivo ( Fig. 2A) .
Optic axonal arbors expressing the APC-cat mutant had fewer branches than both control arbors and arbors expressing APCNTERM in vivo (Fig. 1B) . In the representative tracings shown, all three APC-cat mutant expressing arbors have fewer branches than the three optic axonal arbors expressing the APCNTERM mutant (Fig. 1C) . Quantification showed that optic axonal arbors that expressed the APC-cat mutant had a range of 1-12 branches (Figs. 1B, 1C, 2A, 2E) . Moreover, almost half of the APC-cat expressing arbors that we examined displayed between 1-3 terminal branches (Figs. 1B, 1C, 2E ). The mean number of branches in all the APC-cat mutant expressing arbors was ~ 4 (SE = 0.6, n = 25 APC-cat expressing arbors; Fig. 2A ). This mean number of branches we calculated for APC-cat expressing arbors was approximately 40% less than the mean number of branches in APCNTERM arbors (p < 0.05), and 75% less than the mean number of branches in control optic axonal arbors (p < 0.05; Fig. 2A ).
APCNTERM and APC-cat mutants also decrease total arbor branch length in vivo
To further determine how the N-terminal and central domains of APC regulate optic axonal arbors in vivo, we examined the total branch length for the control and APC mutant expressing axonal arbors. Using the images captured of optic axonal arbors from intact, living tadpoles lipofected with GFP control, APCNTERM mutant, or APC-cat mutant, we calculated the total arbor branch length (TABL) by summing together the lengths of all the branches in the arbor (Mannit et al., 2009; Elul et al., 2003) .
Initial analysis showed that control, GFP-expressing optic axonal arbors in tadpoles at developmental stages 46/47, had an average TABL of 413 m (SE = 37 m, n = 12 control GFP expressing arbors). The mean value for total branch length of control optic axonal arbors measured here was close to the mean TABL we calculated for control optic axonal arbors in stage 46/47 Xenopus laevis tadpoles in our previous study (Elul et al., 2003) . In our earlier report, control, GFP expressing optic axonal arbors had a mean TABL of 385 m (Elul et al., 2003) . The difference between the TABL calculated for control optic axonal arbors in this study and in our previous publication was not significant (p > 0.05).
Further measurement showed that expression of each of the APC mutants decreased the total branch length of the terminal arbors of optic axons in the optic tectum. For optic axonal arbors that overexpressed APCNTERM, we calculated a mean TABL of 277 m (SE = 33 m, n =16 APCNTERM expressing arbors). This TABL measured for APCNTERM expressing arbors was 37% smaller, and significantly less than, that calculated for control optic axonal arbors (p < 0.05, Fig. 2B ). For APC-cat expressing arbors, the mean TABL was 172 m (SD = 14 m, n = 25 APC-cat optic axonal arbors), 55% smaller than the TABL measured for control optic axonal arbors (p < 0.05, Fig. 2B ). These data show that the APCNTERM and APC-cat expressing arbors also both have lower total branch length than control optic axonal arbors in vivo.
APC mutants increase mean branch length in optic axonal arbors in vivo
Thus far, our results show that optic axonal arbors expressing the APCNTERM or APC-cat mutants have fewer branches and lower total branch length than control optic axonal arbors ( Figs. 2A, 2B ). However, the APC mutants decrease the number of branches in optic axonal arbors more severely than they reduce total branch length of the arbors ( Figs This analysis showed that both APC domain expressing arbors had longer individual branches than control GFP expressing optic axonal arbors in vivo. In the representative tracings shown, longer branches are present on the optic axonal arbors expressing APCNTERM compared to the control optic axonal arbors (Fig. 1C ). In addition, the left two tracings of the APC-cat expressing arbor contain longer branches compared to the tracings of optic axonal arbors expressing APCNTERM (Fig. 1C) . For control optic axonal arbors, we calculated a mean length of branches of approximately 26 m (SE = 6.3 m, n = 11 GFP expressing arbors).
However, APCNTERM expressing arbors had a mean length per branch of 37 m (SE = 3.2 m, n = 16 APCNTERM optic axonal arbors), which was 42 % greater than the individual branch length of control optic axonal arbors (p < 0.05; Fig. 2C ). Finally, the mean length per branch for APC-cat expressing optic axonal arbors was 44 m (SE = 1.1 m, n = 25 APC-cat expressing arbors), ~70% greater than the mean length of branches in control optic axonal arbors (p < 0.05; Fig. 2C ). Therefore, both the APC mutants increased the mean length of branches in optic axonal arbors relative to control optic axonal arbors, with the APC-cat mutant increasing mean branch length more than the APCNTERM mutant.
These results indicate that the APCNTERM and APCß-cat domains both decrease the number, and increase the mean length, of branches in optic axonal arbors in vivo. To explore this data on an individual arbor level, we also plotted the number of branches against the mean length of branches for optic axonal arbors expressing the APCNTERM and APCß-cat domains (Figs. 2D, 2E). These plots showed that there was a negative correlation between the number and the mean length of branches in both of the APC domain expressing arbors (Figs. 2D, 2E ). Each of these plots of number versus mean length of branches in APC mutant arbors could be fit with negatively-sloped regression lines (Figs. 2D, 2E ). To further specify the relationship between the mean number and length of branches in the APCNTERM and APCß-cat expressing arbors, we performed a Spearman's correlation test. This test confirmed that there was a strong negative correlation between branch number and length in APCNTERM expressing arbors (r = -0.653, n =15 APCNTERM arbors, p = 0.004), as well as in optic axonal arbors expressing the APCß-cat domain (r = -0.652, n = 25 APCß-cat arbors, p = 0.0002). This statistical analysis indicates that both APCNTERM and APCß-cat mutants regulate number and mean length of branches in optic axonal arbors in an inverse correlated manner.
APC domains decrease size of target regions of optic axonal arbors in vivo
These changes in branch number and length we observed in APC mutant expressing optic axonal arbors likely will lead to corresponding alterations in the morphologies of their target areas in the tectum (O'Rourke and Fraser, 1990) . Accordingly, we next sought to determine if expression of the APCNTERM and APC-cat mutants also modified the sizes of the target regions of optic axonal arbors in vivo. The target territories of optic axonal arbors were delimited by applying a convex hull bounding polygon to each arbor ( Fig. 3A ; see Methods).
We then examined and quantified the areas and perimeters of the convex hulls of control, GFPexpressing optic axonal arbors, and arbors expressing the APCNTERM and APC-cat domains, in vivo.
Before examining target areas of APC domain expressing arbors, we assessed how the convex hull area of GFP expressing, control optic axonal arbors compared to estimates of target area of control optic axonal arbors based on data in a prior study in Xenopus tadpoles at similar developmental stages (O'Rourke and Fraser, 1990) . From our data, we calculated a mean area of the convex hulls of GFP control expressing arbors of approximately 3,400 m 2 (SE = 331.9 m 2 , n = 13 GFP control optic axonal arbors). However, multiplying the published mean length (~ 80 m) with the mean width (~70 m) of optic axonal arbors (of similar developmental stages) in the previous study gave an estimated area for optic axonal arbors of approximately 5,600 m 2 (O'Rourke and Fraser, 1990). As expected, our measured area of the convex hull of optic axonal arbors was smaller (~ 35%) than that obtained by multiplying the previously measured length and width of the arbors.
Examination of the convex hull morphologies suggested that the areas of both APC domain expressing optic axonal arbors were smaller than those of control optic axonal arbors (Fig. 3A) . For APCNTERM expressing optic axonal arbors, we measured an average area of 2,340 m 2 (SE = 329.4 m 2 , n = 17 APCNTERM arbors), which was ~30% less than the area of the control arbors (p < 0.05; Fig. 4A ). For APCß-cat mutant expressing arbors, the mean area of their convex hulls was even smaller, at 1,341 m 2 (SE = 179.9 m 2 , n = 29 APCß-cat expressing arbors), approximately 60% less than that of control optic axonal arbors (Fig. 4A) . The difference between the areas of the APCß-cat arbors and control GFP expressing arbors was significant (p < 0.05), as was the difference between the areas of the APCß-cat arbors and APCNTERM expressing arbors (p < 0.05). These analyses confirm that both APC mutants significantly decrease the overall area of the target regions of optic axonal arbors in vivo, with the APCß-cat mutant decreasing target area more than the APCNTERM mutant.
As a second measure of size of target fields optic axonal arbors, we also compared the perimeters of the convex hulls of GFP control and APC domain expressing axonal arbors.
Measurements indicated that the perimeter for GFP optic axonal arbors was, on average, 314 µm (SE = 26.3 µm, n = 13 GFP axonal arbors). However, the mean perimeter for APCNTERM expressing arbors was 227 µm (SE = 12.6 um, n = 17 APCNTERM arbors), which was ~30% less than that of GFP arbors (p < 0.05; Fig. 4B ). The mean perimeter for APCß-cat arbors was also approximately 30% smaller than that of controls, at 208 µm (SE = 12.7 µm, n = 29 APCß-cat arbors). The mean perimeter for optic axonal arbors expressing APCß-cat was significantly less than that of GFP, control expressing arbors (p < 0.05; Fig. 4B ). This analysis shows that the APCNTERM and APCß-cat mutants both decreased the perimeters of the target areas of optic axonal arbors in vivo by a similar amount.
APCNTERM expressing optic axonal arbors have increased bifurcation angles
In addition to size, the shapes of the target areas of optic axonal arbors are relevant for their physiological connectivity in the developing visual system. A previous study showed that Observation of the convex hulls of optic axonal arbors suggested that the APC mutant expressing optic axonal arbors were differentially misshapen relative to control optic axonal arbors (Fig. 3A) . In particular, APCNTERM expressing arbors appeared somewhat more round, whereas optic axonal arbors that expressed the APC-cat mutant looked more elongated, than control optic axonal arbors (Fig. 3A) . To quantitatively assess the morphologies of the target areas of these optic axonal arbors, we measured the circularity of their convex hulls. Circularity ranges from zero to one; a perfect circle has a circularity of one, whereas shapes that are more elongated or irregular than a circle have lower circularities. For control optic axonal arbors, we measured an average circularity of 0.49 (SE = 0.06, n = 13 GFP control arbors). However, for APCNTERM expressing arbors, the mean circularity was 0.54 (SE = 0.05, n = 16 APCNTERM expressing arbors), which was 10% greater than that of control, GFP arbors (Fig. 4C) . In contrast, the circularity for the convex hulls of APC-cat expressing arbors was, on average, 0.39 (SE = 0.03, n =26 APCß-cat expressing arbors), 20% less than that of control arbors (Fig. 4C ).
Although these differences between circularity of the hulls of APC mutant and control arbors were small (and not statistically significant (p < 0.05)), they did correlate with our observation that the APCNTERM and APCß-cat expressing optic axonal arbors were somewhat more and less round, respectively, than control optic axonal arbors.
These changes in the roundness of the overall target areas of optic axonal arbors expressing the APC domains may result from modifications in the numbers and lengths of branches in the arbors described above. However, the differential alterations in the shapes of the target fields of optic axonal arbors expressing APCNTERM and APCß-cat mutants may additionally reflect changes in other branching features, such as the bifurcation angles. To explore this possibility, we next examined and quantified the average angle of branching in control and APCNTERM and APCß-cat expressing optic axonal arbors (Figs. 3B, 3C , 4D, 4E).
Close observation of images of optic axonal arbors suggested that branching angles appeared wider in arbors expressing the APCNTERM domain relative to control, GFP-expressing arbors (Fig. 3C ). Quantitative measurements further showed that control optic axonal arbors had a mean branching angle of 68° (SE = 2.7, n = 91 angles in 10 control GFP arbors; also see Patel et al., 2017 Figs. 4D, 4E ). This data shows that expression of the APCNTERM mutant also increases bifurcation angles of branches, whereas the APCß-cat mutant does not significantly alter the mean branching angles, in optic axonal arbors in vivo.
DISCUSSION
In this study, we investigated how the multi-domain, multi-function tumor suppressor protein APC shapes optic axonal arbors in intact, living Xenopus laevis tadpoles. We constructed two domain mutants of APC; one mutant comprised the N-terminal domain of APC required for oligomerization and indirect microtubule (and actin) regulation, whereas the second mutant consisted of the central domain of APC that binds to and decreases the stability of -catenin (Vleminckx et al., 1997 
APC N-terminal domain modulates number and angle of arbor branches in vivo
Our findings show that overexpression of the N-terminal domain of APC decreased the numbers of branches of terminal arbors of optic axons in vivo. In an earlier study, expression of the N-terminal domain of APC also decreased the numbers of collateral branches in axons of cortical neurons (cultured from mice lacking APC) (Chen et al., 2011) . Taken together, these findings suggest that the N-terminal domain of APC may inhibit axon branching in different types of neurons in diverse species. Chen and colleagues (2011) further suggested that the Nterminal domain of APC inhibited axon branching in mouse cortical neurons by altering organization of microtubules (that were splayed apart in growth cones of cortical neurons lacking APC). In our system, the N-terminal domain of APC might also regulate branching in optic axonal arbors by modulating the re-organization of microtubule cytoskeleton needed to initiate a new branch (Dent and Kalil, 2001) . The N-terminal domain of APC might regulate such microtubule behaviors in arbor branches through binding to KAP-3 and modulation of its' activity ( Fig. 1A ; Chen et al., 2011; Senda et al., 2005) .
We also show that terminal arbors of optic axons expressing the APCNTERM mutant have significantly larger bifurcation angles than control optic axonal arbors. This suggests an additional, novel function for the APC N-terminal domain in regulating branch angle in developing axon arbors in vivo. Similar to its' effects on branch number, the N-terminal domain of APC could regulate branch angle in bifurcating daughter branches by altering microtubule dynamics (Weiner et al., 2016) . In support of this idea, in an earlier study, the N-terminal domain of APC was shown to regulate direction of growth cone steering in cultured optic neurons through local enhancement of microtubule extension (Koester et al., 2008) . Other microtubule regulating factors such as MAP-1B have also been shown to regulate microtubule dynamics that establish orientation of growth cones in developing axons (Bouquet et al., 2004) .
Therefore, one possibility is that APC functions in conjunction with MAP-1B to regulate microtubule dynamics that establish particular branching angles in terminal optic axonal arbors in vivo.
The central domain of APC regulates number of branches in optic axonal arbors in vivo
In this study, we also show that the central domain of APC (APC-cat) that binds to and destabilizes -catenin decreased the number of branches of optic axon arbors in vivo (Fig. 1) .
Previous work demonstrated that the central domain of APC that modulates -catenin stability shapes the projections of optic axons in the Zebrafish retinotectal projection (Paridaen et al., 2009 ). However, this earlier study did not determine how individual optic axonal arbors in the tectum of Zebrafish were altered by APC modulation of -catenin stability. Therefore, our study elegans (Maro et al., 2009) . Alternatively, overexpression of the central domain of APC could modulate axon branching by inhibiting -catenin activity in the Cadherin adhesion pathway (Paridaen et al. 2009; Nelson and Nusse, 1995) . In support of this proposal, we previously showed that a mutant of -catenin that disrupts its binding to -catenin in the Cadherin adhesion complex also significantly reduced the number of branches in optic axonal arbors in vivo (Elul et al., 2003; Wiley et al., 2008) . The -catenin-Cadherin pathway could affect numbers of branches by regulating adhesive interactions and/or actin dynamics required to initiate a new branch in optic axonal arbors (Dent and Kalil, 2001 ).
Compensatory regulation of branch number and length in optic axonal arbors in vivo
An additional finding of our study is that optic axonal arbors in Xenopus laevis tadpoles expressing the APC mutants display an inverse relationship between branch number and length (Miller-Sims and Bottjer, 2012) . Optic axonal arbors that express the APC mutants contain fewer branches than control arbors, but the individual branches in APC mutant arbors are longer than those in control optic axonal arbors in vivo. Further, optic axonal arbors expressing the APC-cat mutant have even fewer and even longer branches than arbors that express the APCNTERM mutant. This compensatory relationship between branch number and length in APC mutant expressing arbors may reflect a competition between branches within individual optic axonal arbors for a growth promoting factor. For example, each optic axonal arbor may have a limited number of post-synaptic connections, or a fixed amount of wirelength, available to them (Wen et al., 2009; Wen and Chklovski, 2008; Cajal, 1899) . If so, in very sparsely branched APC mutant expressing arbors, individual branches could make more post-synaptic sites or take up more wirelength than branches could in more highly branched control arbors. The additional synapses made, or wirelength used, by the branches in the APC mutant expressing arbors might then cause them to grow longer than branches in wildtype arbors (Alsina et al., 2001 ).
In summary, our results suggest novel shared and distinct functions for the APC Nterminal and central domains in regulating branching in optic axonal arbors in vivo. Future work will investigate the molecular, cellular and biophysical mechanisms underlying the regulation of branching features in optic axonal arbors by these APC domains. This work extends our understanding of the functions of APC in sculpting individual optic axonal arbors in vivo, and may help clarify its involvement in developing neuronal circuits and neurological diseases.
EXPERIMENTAL PROCEDURES
Xenopus laevis tadpoles:
Xenopus laevis tadpoles were generated by natural matings of pairs of male and female frogs primed with Human Chorionic Gonadotrophin. Embryos were cultured in a 10% modified
Ringer's solution (MMR) and staged according to Nieuwkoop and Faber (1956) . All animals and animal experiments were performed at Touro University California and were approved by the Touro University California Institutional Animal Care and use Committee.
DNA plasmids:
All DNA constructs were cloned into the Xenopus expression vectors pCS2+ or pCS2+MT (originally constructed by D. Turner and R. Rupp). pCS2-GFP has been described in our previous publications (Wiley at al., 2008; Elul et al., 2003) . We constructed pCS2-MT-APCNTERM by digesting a pCS2-APC-myc Xenopus plasmid (obtained from the gene repository Addgene, plasmid number 16686) with NcoI and EcoRI (see Vleminckx et al., 1997 ).
This excised a 3.1kb fragment consisting of the N-terminal region of APC (aa 1-1934; see APC1
in Velminckx et al., 1997) . We then subcloned this fragment corresponding to the N-terminal region of APC into a pCS2-myc plasmid also digested with NcoI and EcoRI. The pCS2-APC-cat mutant was constructed by digesting the pCS2-APC-myc plasmid obtained from Addgene with EcoRI. This excised a 2.8 kb region corresponding to the central region of APC that contains both the 15 and 20 aa repeats that bind to -catenin (aa1034-1973; see APC4 in Vleminckx et al., 1997) . This 2.8 kb central region of APC was then cloned into pCS2+ digested with EcoRI to create pCS2-APC-cat. Orientation and identity of the APC fragment inserts in pCS2+MT and pCS2+ vectors were confirmed with diagnostic digests and sequencing.
Lipofection:
To express DNA plasmids in small numbers (1-10) of optic neurons in Xenopus laevis tadpoles, we injected a DNA-DOTAP lipofection solution (50-200 nl) into both eyebud primordia of one day old embryos, as described previously (Wiley et al., 2008; Elul et al., 2003; Ohnuma et al., 2002; Holt et al., 1990) . The plasmids pCS2-APC-NTERM and pCS2-APC-cat were mixed with pCS2-GFP at a 1:1 ratio, and then combined with the DOTAP lipofection reagent at a total of 1:3 ratio (Ohnuma et al., 2002; Holt et al., 1990) . Previous studies have
shown that co-lipofection of two plasmids into eyebuds of developing Xenopus embryos will result in their co-expression in single optic neurons at > 90% frequency (Elul et al., 2003; Ohnuma et al., 2002; Holt et al., 1990) .
Lipofection was performed at developmental stages that correspond to the end of the wave of optic neuron differentiation (Stages 22-24; Holt et al., 1990) . Previous studies showed that optic neurons begin to express the exogenous proteins approximately eight hours after lipofection (Holt et al., 1990) . Therefore, optic neurons should not express the APC mutant proteins until after they have terminally differentiated, and the APC mutants should affect neither the differentiation of optic neurons nor the initial outgrowth of their axons from the eye.
Imaging of Optic Axonal Arbors:
Stage 46/47 tadpoles were anesthetized in a 0.02% tricaine solution and placed in an imaging chamber made of silicon on a glass slide and sealed with a cover slip. Imaging was performed with a Nikon Eclipse E800 widefield upright microscope equipped with epifluorescence (Mercury Arc illumination) and a motorized z-stage (Applied Scientific Instrumentation, MFC-2000) . Tadpoles were screened at low magnification (Nikon Plan Apo 20X /0.75) for GFP expressing optic axonal arbors in the tectum. The screening showed that 30-60% of lipofected tadpoles contained between one to ten GFP expressing optic axons in both tectal hemispheres. Only those animals whose tecta contained between one to three GFP expressing optic axonal arbors were selected for further imaging. These GFP expressing optic axonal arbors that we imaged were located within different medio-lateral regions of the tectal midbrain, thereby eliminating potential spatial bias in parameters of arborization. A z-series of images of control and mutant GFP expressing optic axonal arbors were captured using a 40X air long working distance objective (Nikon Plan Fluor 40X /0.75) with either a Scion Corporation CCD camera (CFW-1312M) controlled by -manager software, or a Nikon CCD camera (DS-5M) controlled by Nikon elements software. Typically, 10-20 z-series images at 1.5 m intervals were captured for each axonal arbor.
Reconstructions of Optic Axonal Arbors:
Only GFP expressing control or mutant optic axon arbors that could be resolved as single, distinct arbors in the tectum were used for reconstructions. Tracings of each arbor were constructed manually using the free hand tool in ImageJ (NIH, Version) or Microsoft Powerpoint (Version 15.31), or using the pencil tool in Adobe Illustrator (Version 21.1). We created an initial tracing of each arbor based on the maximal Z-projection image. However, these tracings were then extensively refined and modified through frequent reference to the original z-series (zstack) of images of the arbor ( Fig. 1C ; also see Lom and Cohen-Cory, 1999 ). Once we had created the most accurate tracings (reconstructions) of the arbors we could with respect to the zseries of images of the arbor, all measurements were then made on these tracings.
Numbers of branches
To quantify the number of branches per arbor, individual branch tips were manually counted on maximum projections of z-series images captured of optic axonal arbors in vivo.
Total Arbor Branch Length
To measure total arbor branch length, we measured all the branches in the arbor and summed their lengths using the freehand line tool on Image J. We first traced and measured the longest, central branch in the arbor. The second and higher order branches of the arbor were also traced and measured using the freehand line tool. Once the measurements were complete, primary, secondary and higher order branch lengths were added to compute the total arbor branch length for each arbor. In our previous study, we used a similar protocol to measure total arbor length but we used the straight line tool rather than the freehand line tool in Image J (Elul et al., 2003) . This may explain why our measurements for TABL in this study are slightly larger than those obtained in our previous report (Elul et al., 2003) .
Mean Branch Length
We also calculated mean length of individual branches in an optic axonal arbor. Mean branch length was calculated by dividing the total arbor branch length for an arbor by the number of branches in the arbor.
Target Regions of Optic Axonal Arbors in vivo
To delimit the target region of an optic axonal arbor, we connected the distal branch tips of the arbor using the polygon tool in Image J to generate a convex hull (red dashed outline of right most GFP arbor, Fig. 3A ; also see Schmidt et al., 2000) . The area and perimeter circumscribed by these convex hull polygons of optic axonal arbors were then determined using Image J measurement functions (Figs. 4A, B) . Circularity of the convex hulls was calculated in Excel using the formula C = 4*π*Area /(Perimeter) 2 (Fig. 4C ).
Bifiurcation Angles of Branches
To measure bifurcation angles of branching in optic axonal arbors, we first labelled the longest branch as "primary branch", and the branches that budded from the primary as "secondary branches". The reference point for the measurement of branching angles was where primary branch and secondary branch converge. The direction of the angle was determined by the direction of the projection of the primary optic axon arbor branch, which generally followed a medio-posterior directed vector (Fig. 3B ).
Statistical Analysis:
Quantitative measurements were performed blind to the condition (i.e. construct expressed) to ensure unbiased assessments of phenotypes. We used the Students' t-test (twotailed, unequal variances) to determine statistical significance of difference. p < 0.05 was considered to indicate statistical significance of difference. Excel software was used to store quantitative measurements, as well as to perform statistical analyses and generate plots. 
